Vibrating wire resonators (VWRs) have long been utilized as probes to study cryogenic fluids such as 3 He and 4 He. In superfluid turbulence research, the response to their self-induced flow has been studied in great detail. However, with the development experiments designed to generate large scale superflows, the need for reliable probes has arisen. Here we report our preliminary experiments, where a vibrating wire resonator is used to detect an externally applied flow in superfluid 4 He.
Introduction
Liquid 4 He is a cryogenic fluid with a boiling temperature of 4.2 K (-268.9C). It is characterized by extremely low kinematic viscosity, and is unique amongst all the elements in that it does not become a solid, even at the lowest temperatures, without applying significant pressures (25 bar at 0 K). Instead of forming a solid on cooling, it undergoes a second-order phase transition at approximately 2.17 K to the so-called superfluid state, denoted as He-II (above 2.17 K, liquid helium is denoted as He-I). This superfluid has an extremely large thermal conductivity and does not behave as a classical viscous fluid; in fact many of its properties can only be explained by taking quantum mechanics into account.
The behaviour of He-II can be described using the phenomenological two-fluid model, developed by Tisza [1] and Landau [2] . This model assumes that He-II consists of two interpenetrating fluids; the normal and superfluid components. The normal fluid component can be imagined as a gas of thermal excitations which carries the entire entropy and viscosity of the bulk fluid. The superfluid component represents a collective state of matter described by a macroscopic wave function with zero viscosity and zero entropy. The density ratio of these two fluid components is strongly temperature dependent [3] . At the superfluid transition temperature, He-II consists only of the normal fluid component. By decreasing the temperature, the relative amount of the normal component decreases and, below 1 K, it can assumed to be negligible.
The existence of a well-defined wave function describing the fluid as a whole implies macroscopic quantum behaviour which explicitly excludes any simple form of rotation. Therefore, the superfluid should be inherently irrotational, exhibiting pure potential flow, which implies that it should be free of vorticity and can not undergo solid body rotation. This raises the question of how such a curl-free fluid can rotate.
This paradox is resolved by creating a multiply-connected superfluid by introducing topological line-defects called quantized vortices [4] . These vortices are singly quantized in units of the quantum of circulation κ = 9.97×10 −8 m 2 s −1 . A rotating superfluid will consist of an array of these quantized vortex lines whose net effect will simulate solid-body rotation.
Several experiments and numerical simulations [5] have revealed rich and varied dynamics of quantized vortices in two-fluid flows, including the creation of vortex rings, vortex reconnections, and the subsequent cascade and tangling of these quantized vortices to form quantum turbulence [6] .
Vibrating wire resonators have been used to probe cryogenic helium. They are highly sensitive, and can be used as generators of superfluid turbulence [7, 8] , secondary thermometers [9] , and as viscometers in helium gas [10] , superfluid 4 He [11] , 3 He-4 He mixtures [12] as well as in liquid 3 He in the normal [13] and superfluid states [9] .
It is therefore of considerable interest to determine their suitability to be used as sensors in physical and technical projects on cryogenic flows and turbulence such as the Superfluid Helium high REynolds number von Kármán flow (SHREK) experiment [14] and the TOUPIE liquid helium wind-tunnel [15] .
Experimental Arrangement
The experimental arrangement is shown in Fig. 1 . The vibrating wire resonator used in the investigation consists of a semi-circular loop of 40 µm superconducting niobium-titanium (NbTi) wire subjected to a magnetic field provided by a pair of neodymium (NdFeB) magnets, placed 32 mm apart. The wire is placed at the midpoint between the magnets and in front of a capillary. The capillary is an outlet of a fountain effect pump, which is used to create a submerged jet directed towards the weakly driven vibrating wire. The entire setup is placed in a glass helium immersion cryostat. The helium bath is brought down to the desired temperature using a rotary pump and roots pump and stabilized on the level of few mK either manually, by adjusting the pumping speed, or using a temperature controller. The wire is forced to oscillate in a magnetic field B, applied in the plane of the loop, by passing an alternating current I = I 0 e iωt through the wire [16] . The wire experiences an alternating Lorentz force of amplitude F = BDI.
As the wire moves through the magnetic field, it induces a Faraday voltage given by
where D is the leg spacing of the wire and v is the peak velocity of the wire. The π/4 pre-factor accounts for the semi-circular shape of the wire loop. The leg spacing of the wire was D = 2 mm and the magnetic field measured in the vicinity of the wire was B = 170 mT at room temperature -we estimate that this will be reduced by approximately 20% at low temperatures. The resonator was controlled and monitored by a custom-made LabView programme. The driving current was provided by an Agilent A33220 signal generator, and a phase-sensitive Stanford Research SR830 lock-in amplifier measured both the in-phase and out-of-phase components of the induced Faraday voltage. All measuring equipment was connected to a computer via an IEEE-488 General Purpose Interface Bus (GPIB) interface cable.
To generate a flow for the wire to detect, we used a so-called "fountain pump" which utilizes the thermo-mechanical fountain effect [17] . This fountain pump is highlighted in Fig. 1 and consists of a cylindrical brass cell with an outer diameter of 32 mm and an inner diameter of 20 mm. Inside the cell, there is a length of manganin wire with a resistance of 100 Ω which acts as a heater. In the bottom of the cell, there is a superleak made from compressed silver powder. This superleak only lets the superfluid component flow from the helium bath into the cell and clamps the normal fluid The red dashed line highlights the estimated velocity at which the frequency-softening sets in and the frequency shift becomes apparent.
component. When power is applied to the heater, the temperature in the cell is increased and the superfluid component is converted into normal fluid. This generates a concentration gradient across the superleak and superfluid flows into the fountain pump's cell. This inflow causes a fountain of helium (or a jet if the nozzle is submerged) to be ejected for as long as power is applied to the heater. In our set-up, this ejected helium flows through a brass capillary with an inner diameter of 0.8 mm and an outer diameter of 1.2 mm into a second cell and directly on to the vibrating wire resonator.
Results and Discussion
Before using the vibrating wire to probe externally generated flows, we characterized its behaviour in the bulk liquid. In Fig. 2 , we plot the resonant frequency response of the vibrating wire at various drives at 1.670 K. On increasing the drive in the quiescent liquid, the Lorentzian shape becomes distorted and the resonant frequency shifts towards lower frequencies. The flattening of the peak indicates the onset of non-linear drag forces typically associated with turbulent flow. In Fig. 3 , we show the dependence of the peak velocity v on the peak driving force F . The observed dependencies at the indicated temperatures agree with previous results obtained with other vibrating structures to a very high degree [18] . At low velocities, the wire exhibits linear damping at all temperatures. The loses from the wire in this region are dominated by intrinsic mechanical loses and temperature-dependent hydrodynamic viscous damping due to the normal fluid component.
At some critical velocity, the response changes, showing that an extra dissipation mechanism dominates. The damping force becomes roughly proportional to v 2 and appears to be independent of temperature T , in the studied range, 1.293 K ≤ T ≤ 2.170 K. Classically, one would expect the damping force due to turbulence to be proportional to v 2 [19] , therefore we can assume that the wire is a sensitive detector of turbulence.
Before using the fountain pump to generate flows for detection by the wire, we examined the efficiency of the fountain pump. These measurements were performed without the wire's channel attached to the end of the pump's capillary. The helium level was allowed to drop below the end of the vertically orientated capillary, before we gradually increased the voltage applied to the resistive TOPICAL PROBLEMS OF FLUID MECHANICS 211 _______________________________________________________________________ heater and measured the height of the helium fountain from the end of the capillary against a scale attached to the cryostat window.
We are able to estimate the velocity of the jet v jet as a function of the powerQ applied to the heater using the expression
where s is the entropy of the liquid, ρ is the total fluid density, T is temperature and A is the area of the capillary's aperture. The result for the measurement performed at 1.36 K is shown in Fig. 4 . To plot the theoretical prediction, we used the following values, s = 109.9 Jkg [21] , T = 1.36 K, and A = 5.02×10 −7 m 2 . The efficiency of the fountain pump can be estimated using the following relation
We estimate the efficiency of the fountain pump in this situation to be 90%. This will serve as the upper efficiency estimate of the pump, because when the whole pump is immersed in superfluid helium, the efficiency is reduced since the superfluid component can also flow through the capillary to the heater and some momentum will be transferred in the static bulk liquid. We assume that the efficiency is approximately 50% when a jet is produced.
With the efficiency of the pump established, we shifted our focus to examining the response of the vibrating wire in the presence of an externally generated flow, i.e. a jet produced by the fountain pump. The experiment was assembled in such a way that the flow from the pump was directed towards to the wire. We monitored the frequency response of the wire as well as any changes in the peak shape and amplitude when switching on the pump.
To ensure a stable bath temperature, we used a resistive heater immersed in the bulk helium. This heater was of the same design as the fountain pump's heater. When the pump's heater was switched on, the bath's heater was switched off and vice-versa. We performed the frequency sweeps before, during, and after the jet was established at 1.955 K and 1.670 K. These results are shown in Figure 5 . A power of 0.024 W was applied to the heater at both temperatures. Each series of frequency scans starts with measuring the wire's resonant response when the pump heater is switched off, and is followed by four sweeps as soon as the pump is started. One further sweep is performed immediately after the heater is switched off. Using (4) and assuming an efficiency of 50%, we estimate that the flow velocity created by the fountain pump is (0.25±0.05) ms −1 and (0.10±0.02) ms −1 at 1.670 K and 1.952 K, respectively. Therefore, the Reynolds numbers for the flow in the capillary (assuming that the effective kinematic viscosity is of order ν ∼10 −4 cm 2 s −1 [21] ) are Re(1.670 K) ≈ 20,000 and Re(1.952 K) ≈ 8,000. We can therefore assume that the pipe flow in the capillary, and the jet directed towards the wire, are turbulent.
As expected, the externally induced flow influences the resonant response of the vibrating wire. All measured quantities -the relative amplitude, resonant frequency and linewidth change with the applied heat power to the fountain pump. At 1.670 K, an immediate reduction in the amplitude was observed and remained at the same level until the pump was switched off and it recovered to its original value. However, in the case of the measurements performed at the higher temperature of 1.952 K, we observed a smaller decrease in the resonant amplitude to approximately two-thirds of the original value when the pump is first switched on. However, in the subsequent sweeps, we observed a gradual return to higher amplitudes. After switching off the pump, the system returned to its original state.
The most likely cause of this difference may be that the velocity of the induced flow at 1.952 K is not enough to ensure fully turbulent flows. However, it has been shown in previous investigations that the transition to turbulent behavior can be stochastic and hysteretic [7] , strongly dependent on the cooling history of the wire [22] and the amount of remnant vorticity attached to the wire's surface created during the superfluid transition [23] .
A description of the reaction of the wire in emerging flows is outside the scope of this work, and requires more systematic measurements where reproducibly can be guaranteed. This may be done by reducing the amount of remnant vortices attached to the wire's surface by either controlling the filling of any experimental volume or by "cleaning" the wire's surface by driving the wire at high velocities so any excess vorticity is emitted or relocated.
In a similar investigation using a quartz tuning fork [20] , the rather large mean normal fluid velocity of approximately 0.50 ms −1 was required to observe any change in the response. Here, we observe a significant change in the resonant response of the wire at a lower velocity. This is hardly surprising since the wire is a much smaller object than the tuning fork and should be more Figure 5: Resonant frequency response of the vibrating wire subjected to a flow generated by the fountain pump at 1.670 K (Left) and 1.952 K (Right). Peaks 1 to 4 represent the four sweeps measured one after the other once the pump is turned on. For the lower temperature, the amplitude was significantly reduced throughout the measurement. For comparison, we also plot the response before and after the flow is generated. At both temperatures, the resonant response recovered to its original state once the pump heater was turned off.
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Prague, February 21-23, 2018 _______________________________________________________________________ sensitive to any external influence. Indeed, we may be able to increase our sensitivity by using thinner superconducting wire to manufacture our resonators.
However, this increased sensitivity may also be a drawback as sedimentation of frozen particles on the resonator may influence the precision of any velocity measurements by slightly increasing the effective mass. For forks, it has been shown that a tiny increase of the effective mass is enough to significantly change the resonant frequency and velocity [24] . Thus, any further investigation may have to be performed in isotropically pure 4 He rather than technical helium which was used in this investigation.
Conclusions
Continuous flows of superfluid 4 He generated by a fountain effect pump have been probed using a 40 µm vibrating wire resonator.
We have confirmed that the vibrating wire resonator is sensitive to externally generated flows. Our measurements clearly demonstrate an increase in damping experienced by the wire when a jet is created in the surrounding region at 1.952 K and 1.670 K and that the vibrating wire is more sensitive to these extrinsic flows than a quartz tuning fork.
These results represent a feasibility study and form the foundation for further systematic studies of superfluid flows throughout the two-fluid regime. However, we stress that care must be taken in any further investigation to ensure reproducibility, since vibrating wire resonators are sensitive to impurities in superfluid helium, remnant vorticity and their cooling history.
